Introduction
Glioblastomas represent 15.1% of all primary brain tumors and 55.1% of all gliomas with an incidence of two to three cases per 100,000 people. 1, 2 The current standard of care therapy for high-grade gliomas consists of maximum safe surgical resection followed by radiotherapy and concomitant/adjuvant temozolomide chemotherapy. Up to 30% of patients develop treatmentrelated injury that can mimic tumor recurrence (TR) by conventional MRI. 3, 4 The overlapping imaging features pose a diagnostic dilemma requiring follow-up imaging or invasive biopsy, which can cause a delay in diagnosis or unnecessary morbidity, respectively. 5 It is critical for optimum patient management to determine in a timely manner if imaging progression represents TR or radiation necrosis (RN).
The incidence of RN after radiotherapy for cerebral neoplasms ranges from 3% to 24%. 6 The likelihood of RN is
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related to both the volume of irradiated brain and the total radiation dose administered and the administration of chemotherapy. With a total dose of <45 Gy, 5% of patients may develop necrosis, 7 whereas the likelihood of necrosis markedly increases with a total dose of >64.8 Gy. 8 The exact pathogenesis of radiation-induced toxicity is not fully understood but includes a combination of the following proposed mechanisms: vascular injury, glial and white matter damage, and alterations in the fibrinolytic enzyme and immune systems. 9 Radiation therapy (RT) and chemotherapy can alter the blood-brain barrier, leading to increased vascular permeability and increased contrast enhancement even in the absence of tumor. tracers). [12] [13] [14] [15] These techniques have shown varying abilities to differentiate between RN and TR; however, most of these studies have evaluated the role of only one advanced imaging technique at a time. Currently, there is no consensus regarding which technique or combinations of techniques have the best ability to address this diagnostic challenge.
In our study, we compared the efficacy of quantitative 18 F-FDG PET/MRI, 18 F-FDG PET/CT, and dynamic susceptibility contrast (DSC) perfusion MRI (pMRI) in evaluating imaging progression in post therapy glioblastoma multiforme (GBM) to differentiate between TR and RN. We sought to examine the diagnostic performance of these three modalities separately as well as via a multiparametric joint model approach.
Materials and Methods

Ethical Approval
This HIPAA-compliant (Health Insurance Portability and Accountability) study was approved by the institutional review board at University Hospitals Cleveland Medical Center in Cleveland, Ohio. All subjects received both oral and written information regarding the study and signed an informed consent prior to participation.
Patient Population
The inclusion criteria were patients with GBM treated with surgery, radiation, and concomitant/adjuvant temozolomide chemotherapy, who subsequently presented with new and/or increasing enhancement around the resection site on follow-up MR imaging (ie, imaging progression). This retrospective study took place in 2013-2014 and included 24 patients with 28 lesions with a male to female ratio of 16:8, age range of 34-81 years, and a mean age of 57.5 years. All lesions had previously been treated with partial brain RT (mean dose of 58.62 Gy). The median time elapsed between the end of radiation treatment and the appearance of a new lesion was 19 months (range 2-90 months).
Lesion Diagnosis
Advanced imaging was performed to further characterize imaging progression and to differentiate between RN and TR. Patients with imaging and clinical characteristics concerning for TR subsequently underwent a surgical biopsy or resection. On pathology, RN was defined as the presence of treatment-related tissue effects with less than 20% viable tumor in the pathologic specimen; whereas the presence of more than 20% viable tumor was defined as TR. Patients with clinical and imaging characteristics suggestive of RN or patients unfit for surgical intervention underwent clinical and imaging follow up. Following this rationale, the final diagnosis was confirmed by histopathology in 17 of the 24 patients. In the remaining seven cases, the final diagnosis was established by clinical and imaging stability on follow-up (follow-up ranging from 8 to 18 months). These seven patients were clinically followed for a range of 134-395 days after completion of RT. A flowchart of the number of patients screened can be found in Figure 1 .
Imaging Protocol
All patients underwent 18 F-FDG PET/MRI (with MR attenuation correction, MRAC) and pMRI in a single examination using a 3 Tesla Philips Ingenuity TF PET/MRI system (Philips Healthcare, Andover, MA, USA). Of these 24 patients, 19 patients concurrently underwent 18 F-FDG PET/CT on the same day (single FDG dose) prior to undergoing the PET/MRI study. The median scan delay between the two modalities was 10-15 minutes. The PET/CT scanners and PET/MRI scanner were located in the suite approximately 60 meters apart. The total scan time including both the PET/CT and PET/MRI imaging was 110 minutes. The average scan time of the PET/MRI alone was 90 minutes. The workflow and imaging protocol is illustrated in Figure 2 .
PET/CT Acquisition
The PET/CT scanning of the brain was performed on a Gemini TF PET/CT scanner (Philips Healthcare). Each of the patients fasted for at least 6 hours prior to the 18 F-FDG administration. A median dose of 4.44 × 10 8 Becquerels (Bq) 18 F-FDG (range 3.33-5.55 × 10 8 Bq) was administered via a cubital vein catheter. To reduce brain stimulation and tracer uptake within the cortex, the patients rested silently in the dark and in a warm atmosphere from 15 minutes prior to the injection until 30 minutes after the injection. The standard of care post injection delay was used for the PET/CT. The uptake time between the tracer injection and PET scan was approximately 45 minutes. The PET data were acquired in 10 minutes at one bed position. The CT parameters were 120 kVp, 50 mAs, and a slice thickness of 5 mm.
PET/MRI Acquisition
The PET/MRI examination was performed on a sequential PET/MRI scanner system (Ingenuity TF PET/MRI, Philips Healthcare). 16, 17 The PET acquisition parameters were identical for the PET/CT and PET/MRI imaging. The PET/MRI examination was performed after PET/CT in 19 subjects and after an 18 F-FDG uptake of approximately 57 minutes. For the remaining five patients who only underwent PET/MRI, a protocol similar to the aforementioned PET/CT protocol was followed. A 3-dimensionalmultistation spoiled gradient echo attenuation MR of the brain preceded the PET scanning to obtain attenuation correction information for the PET data. 17 Acquisition time was 10 minutes for one bed position. The PET/MRI acquisition preceded the diagnostic MRI scan. FDG = fludeoxyglucose; atMRI = attenuation MRI; pMRI = perfusion MRI; 3D = 3 dimensional; T1w = T1 weighted; GRE = gradient recalled echo; FLAIR = fluid-attenuated inversion recovery; ax = axial; T2w = T2 weighted; TSE = turbo spin echo; DCE = dynamic contrast-enhanced; DWI = diffusion-weighted imaging; DSC = dynamic susceptibility contrast; Gd = gadolinium; min = minute.
Diagnostic MR Imaging
In addition to the DSC parameters described below, standard MRI sequences included axial FLAIR, axial T1 GRE, axial T2 TSE, and axial diffusion-weighted imaging (DWI) with apparent diffusion coefficient (ADC) maps were obtained.
DSC
Initial dynamic contrast enhancement (DCE) MRI was obtained during rapid administration of 5 mL Gadoversetamide (Optimark, Mallinckrodt Inc., St. Louis, MO, USA) for permeability imaging. Preacquisition of DCE MRI provided a preloading dose of contrast to reduce errors from leakage during DSC calculations.
After a 5-7 minute delay, DSC perfusion imaging was acquired during rapid infusion of 15 mL Gadoversetamide using dynamic T2*-weighted gradient-echo echo-planar imaging pulse sequence. The contrast agent bolus was power-injected though a peripheral intravenous catheter at 2-5 mL/second and immediately followed by a 20-mL saline flush at the same rate.
Imaging parameters were as follows: TR = 14 ms, TE = 21 ms, FOV = 230 × 230 mm², matrix = 160 × 160 voxel, in-plane voxel size 3.5 × 3.5 × 5 mm, FA = 7°, 16 slices, slice thickness 5 mm, and temporal resolution 1.5 seconds without acceleration factor. The total acquisition time of the DSC sequence was 3 minutes and 27 seconds. Postprocessing of DSC imaging was performed at a dedicated workstation utilizing FDA-approved (Food and Drug Administration) Olea Sphere 2.2 software (Olea Medical Solutions, La Ciotat, France) by a board-certified radiologist. The cerebral blood volume (CBV) was estimated on a voxel basis after a post bolus baseline correction by mathematical integration of the area under the curve in each voxel.
Image Reconstruction and Analysis
PET/CT and PET/MRI images were analyzed on an MIM workstation (MIM version 6.1 Software TM , Cleveland, OH, USA). For quantitative PET/CT analysis, a fellowship-trained neuroradiologist analyzed the data as follows: The PET/CT and contrast enhanced T1 images were imported together in MIM and an image coregistration was performed using intracranial and extracranial anatomical landmarks. Once the coregistration was deemed to be satisfactory, a region of interest (ROI) was drawn around the lesion (L) on the PET attenuation corrected map using the contrast enhanced T1 images as the underlay. The PET edge detection tool was used for drawing the ROI, which was then manually checked and corrected for further accuracy. Similarly, another ROI was placed on the contralateral healthy white matter (C). These ROIs were saved as separate files and maximum, mean, and median standard uptake values (SUV; defined as tissue concentration [MBq/g] × body weight [g])/(injected dose [MBq]) for each ROI were recorded. Similar methodology was followed for the subset of patients who underwent only PET/MRI scan (n = 5).
In patients who underwent PET/CT and PET/MRI scans, quantitative PET/MRI analysis was performed as follows. As the first step, image coregistration was performed using PET/CT, PET/MRI, and contrast enhanced T1-weighted images. Then, the PET/CT ROI tracings were copied and coregistered on MR attenuation-corrected PET images (MRAC PET) by a board-certified radiologist also while using contrast enhanced T1 images as an underlay.
DSC perfusion analysis was performed on the MIM workstation by a board-certified radiologist. Using PET ROIs described above as references, new ROIs were drawn on quantitative CBV maps using contrast enhanced T1 images as an underlay. Areas of hemorrhage, blood vessels, susceptibility artifacts, and cystic or necrotic change were excluded. Quantitative CBV values for each pixel within the ROI were recorded and histogram metrics were calculated. Figure 3 demonstrates an example of an ROI analysis on an MIM workstation.
Statistical Analysis
For PET/MRI and PET/CT, the lesion to contralateral white matter (L/C) ratios were computed using respective mean, median, and maximum SUV values from target ROIs. For pMRI, in addition to mean, median, maximum, and mode CBV values from each ROI, the following parameters were computed: skewness, kurtosis, 25th, 75th, and 90th percentile, and standard deviation of CBV voxel values within an ROI. The diagnostic accuracy of all these parameters was assessed using receiver operating characteristic (ROC) curve analysis, with recurrent tumor defined as more than 20% viable tumor in the pathologic specimen and considered as the "positive" outcome in analyses. Cutoff values were selected based on balancing the specificity and sensitivity values, minimizing the maximum value between false positive and false negative rates.
Multivariate logistic regression model was used to assess the performance of pMRI with PET/MRI, where explanatory variables were selected based on maximizing AUC values within a respective modality. Using this model, a probability of being a recurrent tumor was estimated for each case. These estimated probability values were considered as diagnostic variables and were further used for ROC curve analysis.
Results
PET/MRI and DSC pMRI were performed in all patients (24 patients and 28 lesions) and PET/CT was available for 19 of the patients (23 lesions). The DSC pMRI data were excluded for one patient due to errors in data processing. Of the 24 patients and 28 lesions, 22 lesions were diagnosed as true recurrent tumors and 6 lesions as RN. Figures 4 and 5 are two case examples, which demonstrate the diagnostic utility of PET/MRI and pMRI in differentiating recurrent tumor (Fig 4) from tumor necrosis (Fig 5) .
Quantitative Analysis and Diagnostic Performance of PET/MRI and PET/CT (Paired Analysis N = 23 Lesions)
Among the quantitative PET/MRI metrics, r-mean values ࣙ 1.31 were most effective in differentiating TR from RN yielding a sensitivity of 100%, specificity of 80%, NPV = 100%, positive predictive value (PPV) = 94.7%, and AUC of .94.
Among the quantitative PET/CT metrics, r-mean values ࣙ 1.47 performed best and yielded a sensitivity of 83%, specificity of 80%, NPV = 57.1%, PPV = 93.8%, and AUC of .89. The diagnostic performance of the quantitative PET/MRI and PET/CT metrics is summarized in Table 1 . 
Quantitative Analysis and Diagnostic Performance of DSC MRI
The logistic regression analysis revealed that four CBV histogram metrics with the highest diagnostic utility for differentiating TR from RN were mean, median, mode, and maximum. Remainder of the histogram parameters were not significant and were not tested any further. CBV max ࣙ3.32 performed the best with a sensitivity of 100%, specificity of 75%, NPV = 100%, PPV = 94.7%, and AUC of .94. The diagnostic performance of the significant CBV histogram metrics is outlined in Table 2 .
Combined Model DSC MRI and PET/MRI
Joint model statistical analysis was performed to evaluate whether the diagnostic yield of a DSC perfusion imaging improved when combined with the best performing PET/MRI parameter. The CBV mode value demonstrated higher specificity and similar AUC relative to the CBV median and mean variables. CBV mode also demonstrated higher specificity and better performance in joint modeling as compared to CBV maximum and hence was selected as the PET/MRI parameter. Therefore, the optimal joint model included r-mean for PET/MRI (based on Table 1) in combination with the CBV mode. The joint model of the PET/MRI r-mean and pMRI CBV mode with a cutoff value of .73 or above as recurrent tumor resulted in a sensitivity of 100%, specificity of 100%, NPV = 100%, PPV = 100%, and AUC of 1.0. The combination of these two parameters improved diagnostic accuracy over either one of the modalities alone. These joint model values are outlined in Table 3 .
Discussion
This study quantitatively compared the diagnostic utility of PET/MRI, PET/CT, and DSC pMRI in distinguishing between RN and TR in treated GBMs and demonstrated a superior diagnostic performance of PET/MRI when compared to PET/CT. Furthermore, it showed that the combination of PET/MRI and pMRI offers the best performing diagnostic tool to accurately differentiate between the two entities.
Histopathological tissue diagnosis remains the gold standard in differentiating between RN and TR; however, this procedure is associated with potential sampling error, operative risk, and morbidity. 18 Moreover, in pathology practice, it is not easy to differentiate a recurrent GBM from therapy-related changes as a mixture of both recurrent tumor and RN remains the most common histologic presentation. 19, 20 The diagnosis of recurrence can therefore be subjective and quantitative criteria for histopathological diagnosis of recurrent GBMs have been suggested. 19, 21 Kim et al 22 evaluated the prognostic value of residual viable tumor volume versus therapy-induced necrosis volume in resection material of 20 patients with recurrent GBM. Their results showed prolonged survival in patients with recurrent GBM in whom the recurrent tumor volumes, including high-grade and nonhigh-grade tumor components, were <20%. 22 Hence, in our study, recurrent tumor was defined as more than 20% viable tumor in the pathologic specimen.
MRI remains the modality of choice in the diagnosis, treatment planning, and follow up of brain tumors owing to its superb soft tissue contrast and anatomical detail. 23 However, differentiation of RN and TR in treated tumors using conventional MRI is extremely difficult due to very similar imaging presentations. A systematic review by Shah et al identified three Among the quantitative metrics of PET/CT and PET/MRI, r-mean values were most effective in differentiating tumor recurrence from radiation necrosis. r-mean = relative mean; r-median = relative median; r-max = relative maximum; N = number; NPV = negative predictive value; PPV = positive predictive value; AUC = area under the curve. Among cerebral blood volume (CBV) histogram metrics, CBV maximum performed best in differentiating tumor recurrence from radiation necrosis. N = number; NPV = negative predictive value; PPV = positive predictive value; AUC = area under the curve; DSC = dynamic susceptibility contrast; CBV = cerebral blood volume. Combination of PET/MRI r-mean value with cerebral blood volume (CBV) mode improved diagnostic performance over either one of the modalities and also over PET/CT r-mean and CBV mode joint model. N = number; NPV = negative predictive value; PPV = positive predictive value; AUC = area under the curve; r-mean = relative mean (ratio); CBV = cerebral blood volume.
studies differentiating RN and TR by conventional MRI, which reported a high sensitivity of 88.9% but poor specificity of only 33.4%.
21
PET with or without CT attenuation allows for improved metabolic characterization of tissues with reported sensitivities and specificities for differentiation of RN versus TR ranging from 65% to 81% and 40% to 94%, respectively.
14,24-28 Earlier reports dating back to 1982 suggested highly promising clinical utility of PET in differentiating between the two entities although these results have not been reproducible in subsequent literature. 24 A more recent study raised concern for the suboptimal ability of PET/CT to differentiate RN and TR with a sensitivity and specificity of 73% and 56%, respectively, when using the contralateral gray matter as the reference standard and 22% specificity with the contralateral white matter as the reference. 27 The study determined that the physiological brain activity adjacent to and altered biomechanics secondary to the resection site as well as occasional paradoxical hypermetabolic activity seen with RN and hypometabolic activity with TR resulted in higher count of false positive and false negative examinations. Furthermore, this study hypothesized that prior studies reporting higher diagnostic yields were falsely elevated secondary to suboptimal clinical and imaging follow-up resulting in inaccurate classification of TR and RN, which in theory could have been avoided if the gold standard histopathology analysis were to be performed.
As the utility of PET imaging in management of brain tumors has gained wider recognition, there has been significant interest to evaluate the diagnostic performance of PET when combined with the optimal soft tissue contrast of MRI. [29] [30] [31] Chao et al in 2001 demonstrated the improved sensitivity of 18 F-FDG-PET coregistered with MRI when compared to FDG PET alone (86% vs. 65%) to distinguish RN from TR. 29 The latest hybrid PET/MRI machines allow for exact coregistration of PET and MRI data, essentially eliminating misregistration secondary to differences in head positioning and secondary to motion and therefore hold the promise to provide accurate anatomical delineation in a one-stop imaging approach. The advanced MRI technique of pMRI allows for the characterization of tissue physiology through information regarding the integrity of blood-brain barrier, degree of neoangiogenesis, and alterations in microvascular permeability, all of which enable the detection of viable high-grade neoplasm. A review by Shah et al identified six studies evaluating the sensitivity and specificity of pMRI for TR (vs. RN) and demonstrated a cumulative sensitivity of 79.8% and specificity of 76.8%. 32 Kim et al in 2010 revealed the superior characteristics of CBV in distinguishing RN from TR in high-grade gliomas compared to 18 F-FDG and 11 C-MET PET, albeit the statistical significance could not be proven due to small number of cases. 33 There are very few published studies that directly compare the efficacy of pMRI with metabolic imaging despite the fact that PET imaging and pMRI assess completely different aspects of tumor biology and can provide complementary information. Our results suggest that PET/MRI in combination with pMRI has the potential to be the comprehensive diagnostic tool in addressing this vexing question. The technological advances behind hybrid PET/MRI scanners allow PET, MRI, and pMRI imaging in a single visit thereby allowing for perfect imaging coregistration across modalities. Although the acquisition of PET/CT is quicker than PET/MRI, the fact that pMRI can be obtained simultaneously with PET/MRI not only provides a technical advantage which can positively affect the diagnostic yield, but may also be more time and cost efficient compared to the separate acquisition of PET/CT, MRI brain, and pMRI.
Limitations to the study must be acknowledged. Although PET/MRI was performed in each of the 23 patients, PET/CT data were available in a smaller subset of the participants. A larger prospective study must be performed to confirm the initial finding demonstrated by our study. There was a 10-15 minute delay between PET/CT and PET/MRI acquisitions which in theory could affect the lesion to background ratio, perhaps due to rapid clearance of tracer from normal brain parenchyma. Future studies with a crossover study design would address this limitation satisfactorily. The proportion of RN was lower relative to the number of patients with true recurrent tumors. A more even balance of true positives and true negatives would strengthen the statistical analysis. One of the realistic problems with imaging progression is that the target area may represent a "mixed lesion" with a combination of TR and RN. The authors assigned the cutoff of 20% viable tumor in distinguishing recurrent tumor from treatment-related changes based on a single study. 22 A future study that accounts for mixed character of imaging progression with quantitation of viable tumor estimates based on imaging features with histopathological correlation could perhaps offer a robust study design to address this problem.
Larger, prospective trials are necessary to confirm the improved diagnostic value of PET/MRI (including pMRI) over PET/CT with specifically using the qualitative cutoff values provided in this manuscript. Analysis of different radiotracers, perfusion techniques, and quantitative architectural analysis may support and fortify our ability to accurately and precisely identify RN and TR.
Conclusion
In this retrospective study, PET/MRI in combination with pMRI CBV demonstrated a 100% diagnostic sensitivity and 100% specificity in distinguishing tumor progression from RN in post treatment GBMs and outperformed all other modalities individually.
